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Bose condensation and spin superfluidity of magnons in a perpendicularly magnetized film of
yttrium iron garnet.
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The formation of a Bose condensate of magnons in a perpendicularly magnetized film of yttrium iron garnet
under radio-frequency pumping in a strip line is studied experimentally. The characteristics of nonlinear mag-
netic resonance and the spatial distribution of the Bose condensate of magnons in the magnetic field gradient are
investigated. In these experiments, the Bosonic system of magnons behaves similarly to the Bose condensate of
magnons in the antiferromagnetic superfluid 3He-B, which was studied in detail earlier. Magnonic BEC forms
a coherently precessing state with the properties of magnonic superfluidity. Its stability is determined by the
repulsive potential between excited magnons, which compensates for the inhomogeneity of the magnetic field.
Currently, macroscopic quantum phenomena are of great
interest. It can be used to create platforms for quantum com-
puting. Recent success in Google’s creation of a quantum
computer based on superconducting qubits [1] stimulated the
search for other similar systems. In particular, it is proposed to
use the phenomenon of magnonic superfluidity as a basis for
the magnon quantum processor [2]. In this article, we draw
attention to a system of coherent magnons arising upon the
excitation of nonlinear magnetic resonance in an iron-yttrium
garnet (YIG) film magnetized perpendicular to the plane. The
dynamic properties of this system are in many aspects simi-
lar to the properties of magnons in superfluid 3He-B, in which
magnonic superfluidity and coherent precession of magneti-
zation were discovered [3, 4]. In this article, we present to
our readers an experiment on the formation of a state of co-
herently precessing magnons in YIG in a strongly inhomoge-
neous magnetic field, the results of which are analogous to the
pioneering observations of this effect in 3He-B [5, 6].
Studies of YIG films under strong excitation conditions
have led to the observation of the effect of nonlinear reso-
nance, in which the precession frequency depends on the am-
plitude of its excitation (Foldover resonance) [7]. An approx-
imate analytical solution of the Landau-Lifshitz equations un-
der nonlinear resonance conditions can be obtained only for
the simplest case of a single oscillator in the limit of a rel-
atively small frequency shift [8]. Real macroscopic samples
have spatial inhomogeneity and should be described by a set
of coupled oscillators. The theoretical analysis is complicated
due to the fact that the excitation of the resonance is also
spatially inhomogeneous, especially when it is excited by a
strip line. Also, in addition to the local Hilbert damping, one
should also take into account the relaxation processes asso-
ciated with spin diffusion in the case of spatial inhomogene-
ity of the resonance, as well as the interaction with the envi-
ronment. All these factors lead to the impossibility of con-
structing a theory that would actually describe the signals of
nonlinear resonance in YIG [9] films. The use of micromod-
eling programs is also limited, since the required simulation
time must exceed the magnon lifetime, which for YIG can
reach 100,000 precession periods. In addition, this time dra-
matically increases with an increase in the size of the sample.
However, to describe the resonance in the case of a high exci-
tation level, one can use the quantum properties of magnons,
namely, the fact that magnons are Bose particles and condense
into a magnonic Bose condensate (mBEC) at a sufficient con-
centration. Exactly that approach proposed in this article al-
lows us to describe the basic properties of nonlinear resonance
in magnetic materials.
Unlike atoms, the number of which is conserved, the den-
sity of magnons can change due to their creation and an-
nihilation from the physical vacuum of a magnetically or-
dered state, in accordance with the Holstein-Primakov for-
malism [10]. At a low concentration, magnon gas can be
considered as spin waves - an object of classical physics de-
scribed by the Landau-Lifshitz equations. At a finite tem-
perature, the number of thermally activated magnons is de-
termined by Bose statistics and is always below the critical
formation density of mBEC. However, the magnon density
can be significantly increased by exciting additional magnons
from a magnetically ordered state (physical vacuum) using
magnetic resonance methods. In this case, the deviation of
the magnetization from the equilibrium direction corresponds
to the production of magnons, the number of which is de-
termined by the change in the longitudinal magnetization of
the system, Nr = (M0 −Mz)r/h¯, where Nr is the density of
magnons, (M0−Mz) is the difference between the total mag-
netization and its projection onto the axis of the stationary
magnetic field. The magnon density required for the forma-
tion of a Bose condensate can be easily calculated for vari-
ous magnetically ordered materials, as demonstrated in [11].
In particular, the critical magnon density in a perpendicularly
magnetizedYIG film corresponds to a deviation of the magne-
tization vector from normal by 2.5◦, which under experimen-
tal conditions corresponds to an external field shift of about
2 Oe, thus, all of the described results, obtained at a pump
power of more than 1 dBm, correspond to the conditions of
2the formed mBEC, according to statistics.
Strictly speaking, the properties of mBEC go beyond the
scope of classical physics and are traditionally described by
the Gross-Pitaevsky formalism, developed to describe the
atomic Bose condensate [12]. Magnonic BEK is a macro-
scopic quantum state described by a wave function:
|Ψ|r = Nr
1/2eiµtr+iαr , (1)
where µ and α are the chemical potential and the phase of
the wave function, and Nr is the density of excited magnons.
The chemical potential of magnons is determined by their pre-
cession frequency and can be spatially inhomogeneous. The
phase gradient of the wave function leads to a superfluid flux
of magnons directed towards the region of a lower magnetic
field, i.e., a lower chemical potential:
J= N ∇α. (2)
In a perpendicularly magnetized YIG film, the precession fre-
quency depends on the density of excited magnons [13]:
ωN = ω0− γ4piM0 cosβ , (3)
where ω0− γ4piM0 is the precession frequency at low exci-
tation, which is determined by the external field and the de-
magnetizing field. We are considering here a sample of a suf-
ficiently large size, where the magnitude of the exchange in-
teraction cannot synchronize the precession frequency across
the sample size. The superfluid flux of magnons into the re-
gion with a lower effective magnetic field leads to an increase
in their density and, accordingly, to an increase in the preces-
sion frequency. This process continues until a homogeneous
precession state is established. That is, a state with coherent
precession of magnetization, similar to the one that was dis-
covered in3 He-B [14, 15]. If the RF field excites magnons
locally, as in the case of a strip line, then these magnons are
transferred by a superfluid current to a region with a lower
magnetic field until a precession frequency equal to the pump-
ing frequency is established in it, as in experiments with su-
perfluid 3He-B. This process is described in detail in [16].
The formation of a state with coherent precession of mag-
netization radically simplifies the problem of theoretical de-
scription of nonlinear resonance. In this case, we are dealing
with a macroscopic magnon condensate filling the entire sam-
ple space, in which the effective field is less than the field
corresponding to the pump frequency. In this case, the mag-
netization precesses coherently at the pump frequency. This
state does not depend on the pump power, which is a dis-
tinctive feature of mBEC formation. MBEC automatically
adsorbs energy from the exciting field, corresponding to its
losses [14], which depend on the magnitude of the magnetiza-
tion deviation. The nonlinear resonance signal decays as soon
as the pumping value cannot compensate for the relaxation.
In this article, we are the first to experimentally show the for-
mation of such a state in a YIG film and, in particular, under
conditions when a sufficiently large magnetic field gradient is
applied.
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FIG. 1. Figure 1. Schematic of the setup (A), plateau with the
sample, top view (B) and from the side (C), distribution of the angles
of deflection of coherently precessing magnetization in the magnetic
field gradient (D) and the area of filling the sample with magnonic
BEC (E).
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FIG. 2. Figure 2. Change in the absorption of RF pumping in the first
experiment with a decrease in the external magnetic field at different
pumpimg powers indicated near the corresponding curves.
The general installation diagram is shown in Fig. 1 (A). The
experiments were carried out on two samples of YIG films
with a thickness of 6 /mum and 0.6 /mum. The first sample
had the shape of a circle with a diameter of 0.5 mm, and the
second, an ellipse with diameters of 5 and 0.5 mm. The films
were grown at the Crimean Federal University. The first sam-
ple was located on one strip line, and the second - on two strip
lines located symmetrically from the center of the sample at a
distance of 2 mm from each other, as shown in Fig. 1 (B). The
stripe line width was 0.2 mm. A magnetic field perpendicular
to the film plane was applied to the sample. If in the first ex-
periment the field was practically uniform, then in the second
it had a gradient directed along the film, as shown in Fig. 1
3FIG. 3. Figure 3. Change in the absorption of the RF power in the
second experiment at different pumping powers. Lines 1 correspond
to the signal from the first strip, and 2 - from the second. The am-
plitude of the signal from the second strip is increased by 5 times
for comparison with the signal from the first. Signals are also shown
when scanning the field upward. It is noteworthy that they coincide
with the signals when scanning the field downward. Thus, in the case
of a field gradient, hysteresis is not observed.
(C). In the first case, the resonance was excited at a frequency
of 3.7 GHz and in the second - 1.856 GHz. In the experiment,
we used the Keysite P5023A vector network analyzer. RF
pumping was applied to the first strip. Upon excitation of the
resonance, the amplitude of the RF field in the strip decreased.
Figure 2 shows the decrease in RF power when the field is
scanned downward at different excitation powers. An impor-
tant observation is that the power absorbed by the sample is
independent of the power applied to the strips. This funda-
mentally contradicts the theory of nonlinear resonance [7, 8],
but fully corresponds to the properties of magnon BEC, pre-
viously investigated in 3He-B. Indeed, the state of mBEC is
completely determined by its chemical potential, which de-
pends on the pump frequency, but not on its amplitude. The
pumping power determines the magnitude of the deviation of
the precessing magnetization and the field shift at which its
amplitude is not sufficient to compensate for the relaxation of
magnons in mBEC.
Another property of mBEC is that it must fill the entire
space in which the effective magnetic field is less than the
corresponding pump frequency. To confirm this property of
mBEC, we used a second sample and two stripe lines (Fig. 1
(B, C)). The sample was placed in a magnetic field gradient of
about 3.5 Oe per mm along the long axis of the sample (Fig.
1 (D, E)). MBEC was excited by the first strip. In the case
of a uniform field, the second strip received a signal from the
first, which repeated the waveform on the first strip, reduced
by approximately 5 times. It was not possible to distinguish
this induced signal from the mBEC radiation signal. How-
ever, when the magnetic field gradient was applied, the signal
from the second strip changed dramatically as shown in Fig.
3. When the field is scanned downward, at point A, mBEC
is formed in the region of the first strip. Upon further scan-
ning of the field, the mBEC boundary, which corresponds to
the condition H = ω/γ (see Fig. 1 (E)), moves to the second
strip and reaches it at point B. In this case, the second strip
begins to receive the radiation signal from the mBEC. In Fig.
4 shows the power of the mBEC radiation signal received by
the second rail. The region where the signal from the mBEC is
received does not depend on the RF pump power, but only on
the field difference in the region of the first and second stripes.
This experiment directly demonstrates the spatial transport of
magnons from the exciting region to the receiving strip. This
transfer is not possible in the case of a normal gas of magnons
and is explained by the superfluid flux of magnons caused by
the gradient of the chemical potential. A similar experiment
was carried out in superfluid 3He-B, in which the properties of
the superfluid current of magnons between two RF coils [17]
were investigated. It is also noteworthy that when the field
is scanned backward, hysteresis does not appear, as shown
in Fig. 3. This effect of nonresonant excitation was previ-
ously noted in MnCO3 [18]. The radio frequency field excites
magnons in the modes of an inhomogeneous resonance in the
magnetic field gradient, which then condense into homoge-
neous mBEC
FIG. 4. Figure 4. Signals of additional radiation from mBEC in the
second strip as a function of the field at pumping powers of 17, 14
and 11 dBm.
The obtained results unambiguously confirm the formation
of mBEC in the YIG film, magnetized perpendicularly. A
signal of uniform precession on the second strip could arise
only if the entire space with a lower field is filled with uni-
formly precessing mBEC. The results of studying YIG films
in an EPR spectrometer also confirm the formation of mBEC
4[19]. Also, recently in YIG was discovered the formation of
a long-lived induction signal [20], in many aspects similar to
the signals in 3He-B [21, 22]. Finally, in several works with
antiferromagnetic MnCO3 and CsMnF3 samples, several ef-
fects were also discovered that demonstrates the existence of
mBEC and magnonic superfluidity [23–26]. Thus, we can
conclude that magnonic superfluidity in solid-state magnets
is of the same nature as in superfluid 3He-B, despite the fun-
damental difference in their ground state [27, 28].
It should be noted that the resulting state is superfluid in
the sense that deviation from it causes the formation of pre-
cession phase gradients, which excite a superfluid magnon
current, which flows until the gradients disappear and co-
herence is restored. In a large series of experimental works
with various phases of superfluid 3He, all magnonic analogs
of known superfluid and superconducting effects, such as su-
perfluid spin current in the channel and phase slip at its crit-
ical value [17, 29], spin-current Josephson effect [30, 31],
formation of quantum vortices at circular magnetization cur-
rent [32], Goldstone vibration modes [33–35], etc.
At present, intensive studies are underway for another type
of mBEC, which appears in the longitudinally magnetized
YIG film [36–39]. In this configuration, excited magnons
attract. Therefore, homogeneous precession is unstable and
decays into spin waves, as was shown experimentally for the
superfluid 3He-A [40, 41]. Accordingly, there is no need to
speak of a superfluid state, since the Landau critical velocity
is zero. In the case of longitudinal magnetization of the YIG
film, the minimum energy corresponds to running magnons,
which form the nontrivial mBEC. If the mBEC considered in
the first case corresponds to the classical atomic BEC of rest-
ing atoms, then for the second type of mBEC there is no anal-
ogy in the world of particles. However, it also remains a very
interesting subject for research and applications.
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